Ordered arrays of Si and Ge nanocrystals via dewetting of pre-patterned thin films J. Appl. Phys. 113, 064908 (2013) Near-field radiative heat transfer between doped silicon nanowire arrays Appl. Phys. Lett. 102, 053101 (2013) One-dimensional lateral growth of epitaxial islands on focused ion beam patterned substrates J. Appl. Phys. 113, 044308 (2013) Piezoresistance of nano-scale silicon up to 2GPa in tension Appl. Phys. Lett. 102, 031911 (2013) Additional information on J. Appl. Phys. We present a method to experimentally determine the components of stress tensors within grains of multicrystalline materials by micro-Raman spectroscopy. This method is applied to multicrystalline silicon wafers as they are produced for solar cells. Currently, µ-Raman spectroscopy is intensively used to measure stresses in silicon wafers, structures, and devices of known crystallographic orientations. For these cases, the determination of stresses from Raman peak shifts is straightforward. In multicrystalline silicon, however, arbitrary grain orientations complicate the determination of stress tensor components, which depend on the crystallographic orientations of the particular grains. The Raman intensities depend on the polarization direction of the incident and scattered laser light and again on the crystallographic grain orientations. This intensity dependence is used to determine the crystallographic grain orientations. Once the orientation is determined, the components of the stress tensor ͑with respect to a fixed reference coordinate system-the sample stage͒, can be calculated numerically from the Raman peak shifts. As examples, we determine ͑i͒ the stress components of a nearly plane stress state around the tip of a microcrack and ͑ii͒ the stress components at a grain boundary in a multicrystalline silicon wafer.
I. INTRODUCTION
µ-Raman spectroscopy is a method that is used recently in solid state physics to investigate mechanical stresses in semiconductor materials. [1] [2] [3] [4] µ-Raman spectroscopy detects strains and stresses in crystals via an inelastic interaction of laser light with lattice vibrations ͑phonons͒. The method probes the material of interest nondestructively without requiring any complex sample preparations. µ-Raman spectroscopy allows for a lateral resolution of the order of ϳ600 nm− 1 m when focusing the incident light beam through optical elements ͑lenses͒ on the sample surface. Raman signals can be mapped and respective stress mappings can be determined. 5 Meanwhile, the determination of several stress-tensor components in crystals with diamond structure have already been shown. [6] [7] [8] [9] [10] But the stress/strain analysis has been carried out only for monocrystalline samples with known orientation. Similar stress-tensor determination have not been shown for polycrystalline materials with diamond structure, e.g., polycrystalline silicon wafers for solar cells or thin film transistors 11 ͑TFTs͒ due to the fact that grain orientation variations make stress measurements increasingly difficult. In the present article we show how to measure several stress-tensor components with µ-Raman spectroscopy in polycrystalline silicon within grains of arbitrary orientations. A single measurement cycle provides the local determination of orientation and stress/strain tensor components when making use of polarized incident light and detection of the polarization of the scattered light. Examples of practical interest of polycrystalline photovoltaic silicon material are given.
II. THEORETICAL BACKGROUND
The evaluation of stress-tensor components in silicon grains of arbitrary orientation can be divided into three steps: ͑i͒ The grain orientations have to be determined with respect to a fixed coordinate system. We use the x-y sample stage and as z direction the direction of the exciting laser beam; ͑ii͒ the Raman peak shifts have to be determined while taking into account the knowledge of the grain orientations; and ͑iii͒ the mathematical procedures to determine stress tensor components have to be adapted to arbitrary grain orientations.
A. Orientation measurements
The Raman peak intensities depend on the polarization vectors of the incident and scattered beams, e ជ i , e ជ s , respectively, which are defined in the fixed reference coordinate system. Raman intensities and polarization vectors are connected by the so-called Raman tensors. 12 As silicon belongs to the crystallographic O h class, its Raman active optical phonons have F 2g symmetry and thus are triply degenerate in unstrained silicon. Each of the three optical phonons is represented by one Raman tensor R j Ј ͑Ref. 12͒ ͓in a crystal coordinate system that is oriented along the reference coordinate system: x = xЈ = ͑100͒ , y = yЈ = ͑010͒ , z = zЈ = ͑001͒; see Fig. 1͔ :
with d representing a material constant that can be set to 1 for our purpose. The scattered Raman intensity I͑e ជ i , e ជ s ͒ after passing a lens with a small numerical aperture, e.g., a 10ϫ objective, can be sufficiently approximated by 13, 14 I͑e
with I 0 containing all fixed experimental parameters ͑laser intensity, laser wavelength, integration time, etc.͒. The index j discriminates the three phonon polarization directions x , y , z, and e ជ i , e ជ s are the polarization vectors of the incident and scattered light, respectively. Inserting the rotated Raman tensors R j into Eq. ͑2͒ the basic formula for the determination of the three Euler angles ␣ , ␤ , and ␥ from measurements of the Raman peak intensities is determined according to
B. Strain/stress-measurements
The eigenfrequencies of optical phonons can in general be determined by solving the eigenvalue problem
represents the eigenfrequencies ͑with or without strain͒, q ជ the eigenvectors. K is the force constant tensor, the components of which are sensitive to strain, and E is the identity matrix. For small strains, one may use a linear approximation for the components of K ͑Ref. 15͒
kl Ј are the strain tensor components ͑in the crystal coordinate system͒, K ijkl ͑Ј͒ the phonon deformation potentials, and 0 is the phonon frequency without strain. Due to the cubic symmetry of silicon, the phonon deformation potential tensor K ͑Ј͒ has only three independent components 15 : p, q, and r. Inserting Eq. ͑5͒ into Eq. ͑4͒ finally yields the secular equation
The eigenvalues j represent the Raman frequency shifts in the presence of strain Equation ͑6͒ contains six unknown strain tensor components. The Raman shift measurements yield, however, three frequency shifts ͑three optical phonons͒ at most. Hence, not all six strain/stress tensor components can be determined from frequency shift measurements.
C. The stress state
Usually, in stress measurements using Ramanspectroscopy, laser wavelengths that are absorbed close to the sample surfaces, are used. Thus only the stress distributions close to the sample surface can be determined, which represent nearly a plane stress state ͑small residual stress components in the z direction͒ with respect to the reference coordinate system 
͑8͒
The component ⌬ z comprehends the residual stress components zz , xz , and yz . The Raman frequency shifts ⌬ 1,2,3 depend on the strain tensor components of the specific grains with their specific crystal coordinate systems. Therefore, the plane stress state , with respect to the reference coordinate system, has to be transformed into the specific crystal coordinate systems by the rotation matrix T͑␣ , ␤ , ␥͒. This gives the transformed stress tensor Ј
Using the inverse Hooke's law ͑in vector notation͒ for cubic systems 
we are able to express the strain tensor components kl Ј in Eq. ͑6͒ by the stress tensor components kl Ј . Using then Eq. ͑9͒, we may finally rewrite the secular Eq. ͑6͒ in terms of the stress components xx , xy , yy , and ⌬ z , with respect to the global ͑wafer͒ reference coordinate system 
The components of the symmetric matrices A , B , C, and D depend on the elastic compliances S 11 , S 12 , and S 44 for silicon, on the phonon deformation potentials for silicon p, q, and r and on the components of the rotation matrix T͑␣ , ␤ , ␥͒. Therefore, all these components are constants for a particular grain. The secular Eq. ͑11a͒ and ͑11b͒ leads to the characteristic polynomial
The coefficients a, b, and c are functions of the stress components xx , xy , yy , and ⌬ z of the stress state with respect to the reference coordinate system. According to the rule of Vieta, we can find three equations for the ͑numerical͒ determination of the stress components xx , xy , yy , and ⌬ z from the Raman frequency shifts
The component ⌬ x is used as an adjustment parameter, as we will see in Sec. III B. The coefficient a has a linear, coefficient b has a quadratic, and coefficient c has a cubic dependence on the stress components xx , xy , yy , and ⌬ z .
III. EXPERIMENTAL RESULTS AND DISCUSSION
Experimental Raman measurements are carried out using a Jobin-Yvon LabramHR 800 microscope/spectroscope. For the results presented in this article, we used the 633 nm emission line of the HeNe laser. The incident laser beam has a power of Ϸ10 mW on the sample surface. The attached microscope has four objective lenses: 100ϫ ͑numerical aperture: 0.9͒, 50ϫ ͑N.A.: 0.75͒, 10ϫ ͑N.A.: 0.25͒, and a macro-objective. We performed the orientation measurements with the 10x objective ͑size of the focused spot on the sample surface was Ϸ10 m in diameter͒ and the stress measurements with the 50x objective ͑size of the focused spot was Ϸ1.5 m in diameter͒. The sample is mounted on a motorized x-y stage, which makes stress and/or orientation mappings possible. A notch filter eliminates the Rayleigh peak from the spectrum of the scattered light. A grating with 1800 lines/mm allows us to carry out spectra analysis of the scattered light. Using peak fitting routines, we are able to detect peak shifts with a resolution of ϳ ± 0.05 cm −1 . This value results from ͑i͒ the error of the peak fitting routines and ͑ii͒ from the peak shift noise, which was determined by mapping a stress-free Si-wafer surface and analyzing the occurring peak-shift variations. The spectra are recorded with a silicon charge-coupled device ͑CCD͒ ͑1024ϫ 256 pixels͒ and can be displayed and processed on a PC.
As an example for the combined orientation and stress measurement procedures, we investigate ͑i͒ the stress distribution around the tip of a microcrack in an arbitrarily oriented grain of a multicrystalline solar silicon wafer ͑average grain size: Ϸ1 cm 2 ͒ and ͑ii͒ the stress distribution along an arbitrary large angle grain boundary. Prior to the measurements, the wafer has chemomechanically been polished. After polishing, the wafer has been Secco-etched 17 for 10 s so that the grain boundaries can be distinguished in an optical microscope as small trenches. The surface normal of the wafer is the z axis of the reference coordinate system ͑the direction of the incident/scattered beam͒.
A. The orientation measurements
Equation ͑3͒ is the basis for orientation measurements using Raman spectroscopy. The polarization direction e ជ i of the incident laser beam can be adjusted with a / 2 plate. However, the influence of the mirrors and the notch-filter on the polarization direction of the incident beam after passing the / 2 plate results in a dependence of the intensity of the incident laser beam on its polarization direction 18 and a difference between the effective polarization direction on the sample surface and the original polarization direction =2 that is adjusted with the / 2 plate. 18 . We account for these deviations by introducing a correction factor k ͑the method used here is very similar to the method that is described in more details in Ref. 18͒ . The polarization vector of the incident beam is then elliptically depending on the effective polarization direction and can be written as
The intensity of the incident laser beam corresponds to the output current of a photodiode which is placed into the path of the incident beam. From the variations of the current of the photodiode with the position of the / 2 plate, the correction factor k can be determined. In our case we obtain k = 0.952. In a similar way, one may write for the effective polarization vector e ជ s of the scattered beam e ជ s = m cos sin 0 .
͑15͒
With describing the analyzer position. The correction factor m accounts for the optical grating to modify the polarization direction of the scattered beam. The influence of the optical grating could also be eliminated by putting a /4 plate ͑scrambler͒ into the path of the scattered light. As we will see, the influence of the optical grating is of no importance for the determination of the crystallographic orientations. Therefore we will not go into further details here. Inserting Eqs. ͑14͒ and ͑15͒ into Eq. ͑3͒ finally results in a concise matrix equation
The components f ij ͑␣ , ␤ , ␥͒ of the symmetric matrix f are trigonometric functions of the three Euler angles ␣, ␤, and ␥ and are given in the Appendix. For the two accessible analyzer positions ͑ =0°and = 90°͒ Eq. ͑16͒ yields two -dependent intensity functions ͑short notation͒
To fit the experimental data, we therefore use the following two fit functions:
with U 1 , U 2 , U 3 and V 1 , V 2 , V 3 being adjustable coefficients.
Comparing fitted and calculated data from Eqs. ͑17͒ and ͑18͒ yield ratios 
The equation system ͑19͒ contains the correction factor k but not the correction factor m, i.e., the optical grating has no influence on the orientation measurements. The elimination of the scaling factor I 0 in Eq. ͑19͒ avoids repeated intensity calibration measurements prior to the orientation measurements. Thus, all the errors that may result from a change of I 0 ͑e.g., due to an accidental change of experimental conditions during the measurements on different grains such as surface structure and/or dirt on the surface, a slight defocus, etc.͒ do not affect the orientation measurements. The equation system ͑19͒ contains four equations for the numerical determination of the three Euler angles ␣, ␤, and ␥, i.e., we cannot expect to find an exact solution of these equations. Instead, we use that set of Euler angles that gives the minimal norm of the numerical residual vector. Depending on the start values, the numerical iterative procedure used to solve equation system ͑19͒ gives several equivalent sets of Euler angles ͑within the periodicity rules of the Euler angles͒. These different sets of Euler angles lead to permutations of rows of the rotation matrix T͑␣ , ␤ , ␥͒. These permutations are a result of the ambiguity that exists in labeling the three axes of the cubic crystal coordinate system. Consequently, the designation of the three optical phonons and their frequency shifts will mutually interchange if equivalent sets of Euler angles are used to calculate the rotation matrix T͑␣ , ␤ , ␥͒. Finally, this will result in a change of stress tensors which refer to a certain crystal coordinate system, whereas the stress tensors referring to the global reference coordinate system will not change. Figure 2 shows a Raman spectrum that has been obtained at an arbitrary position of a multicrystalline silicon wafer. No special polarization settings were used for these measurements. In addition to the first-order Raman peak of silicon in the vicinity of 521 cm −1 ͑Ref. 20͒ there are several other peaks visible. These peaks originate from the plasma lines of the HeNe laser. As the peak positions of the plasma lines are physically fixed, they serve as a reference for the determination of the accurate frequency shifts of the silicon Raman peaks. 20 An accidental drift of the optical grating with time will be eliminated by correcting Raman peak positions with positions of the plasma lines.
B. The stress measurements
In many cases, the stresses are too small to produce a visible lifting of degeneracy of the three optical phonon frequencies. This makes the direct determination of the three
However, this approach is extremely inaccurate, as the obscured frequency shifts can vary several wave numbers from each other without producing any clearly visible lifting of degeneracy. Thus, we will follow another indirect strategy to obtain the three frequency shifts ⌬ 1 , ⌬ 2 , and ⌬ 3 with sufficient accuracy.
Once we know the grain orientation, we are able to simulate separately the intensity variations of the three optical phonons with polarization settings. With the / 2 plate and the two positions of the analyzer ͑x and y͒ we may define two intensity functions for each phonon: I j X ͑͒ and I j Y ͑͒ where the upper index labels the analyzer position and the lower index nominates the phonon mode ͑1, 2, 3 or x , y , z once the crystal axes have been identified͒. In total, we obtain six single intensity functions that can be converted into six intensity ratio functions,
and
͑20͒
The domains where the values of the above given intensity ratio functions are clearly greater than 1, e.g., at the maxima positions, define polarization settings ͑single-mode polarization settings͒ where the intensity of one phonon dominates over the sum of the intensities of the two remaining phonons. Our simulations show, that for most of the arbitrary grain orientations one can find three polarization settings, where, respectively, one of the three phonon modes clearly dominates the two other ones. The totally measured frequency shift ⌬ T of a Raman peak ͑lifting of degeneracy not visible͒ can be written as
I T is the measured total intensity of the Raman peak, I j are the three single intensity portions of the three phonon modes, and ⌬ j are the three corresponding frequency shifts. If we find, for example, a polarization setting where one phonon mode ͑labeled mode 1͒ possesses a certain intensity ratio function of Q 1 ‫ء‬ , then the totally measured frequency shift ⌬ T * is given in terms of Q 1 ‫ء‬ by
i.e., the larger a certain intensity ratio function of a phonon mode at a certain polarization setting, the higher the accu -FIG. 2 . Raman spectrum at an arbitrary position on our multicrystalline silicon wafer. In addition to the silicon Raman peak, the plasma lines of the HeNe laser are visible. The ͑physically defined͒ plasma line at Ϸ433 cm −1 is used as a reference for frequency shift measurements of the silicon peak.
racy of the measured frequency shift of that particular phonon mode. If we find three polarization settings so that one of the three phonon modes dominates the two others, we may carry out three frequency shift measurements with these polarization settings. In consequence, we can assign the obtained frequency shifts mainly to the dominant modes.
This way we are able to measure the three frequency shifts ⌬ 1 , ⌬ 2 , and ⌬ 3 almost separately, though the lifting of degeneracy is not visible.
C. Correcting the influence of the objective lenses
We perform the stress measurements with objective lenses 50ϫ ͑numerical aperture 0.75͒ or 100ϫ ͑numerical aperture 0.9͒. These objective lenses influence the intensity functions I j X ͑͒ and I j Y ͑͒ as well as the intensity ratio functions Q j X ͑͒ and Q j Y ͑͒. We take into account for these influences in our calculations but do not discuss the mathematical details here as this is not the main topic of this article. In general, the consideration of the influences of the objective lenses leads to lengthy and complicated expressions for the intensity functions and the intensity ration functions. The detailed mathematical derivations and the explicit expressions will be addressed in a forthcoming article.
D. Summary of the measurement procedure
With the three single-mode polarization settings, we perform three single Raman frequency shift mappings within the area of interest. From these three mappings we obtain the three drift corrected frequency shifts ⌬ 1 , ⌬ 2 , and ⌬ 3 almost separately at every measurement point of the mapping. The stress tensor components ͑in the reference coordinate system͒ can then be calculated using the following procedure:
1. We start with the assumption of an ideal plane stress state ͑in the reference coordinate system͒, e.g., we set ⌬ z = 0 in Eq. ͑13͒. ‫ء‬ of the reconstructed polynomial with the measured frequency shifts ⌬ 1 , ⌬ 2 , and ⌬ 3 . If the reconstructed values deviate more than the peak shift resolution of ±0.05 cm −1 from the measured frequency shifts, the value of ⌬ z in Eqs. ͑13͒ has to be slightly changed from ⌬ z =0 to ⌬ z 0 ͑e.g., the stress components with a z direction cannot be neglected anymore͒ until the deviations of the measured frequency shifts from the reconstructed values become smaller than the peak shift resolution.
E. Examples
Stress measurements on multicrystalline solar cell material are of technological importance since stresses and electro-optical performance interdepend as well as fracture of multicrystalline solar cells is already a problem in practice. This is true, especially since the thickness of the multicrystalline solar cell wafers will further shrink in future and thus the material will tend to be increasingly prone to fracture. Figure 3 shows an optical micrograph of the surface of an arbitrarily oriented grain of a multicrystalline solar silicon wafer. The grain contains a microcrack. We expect the highest stresses at the tip of the microcrack. As high stresses influence the Raman tensors, the intensities of the Raman bands will also be influenced by high stresses, i.e., Eq. ͑3͒ that is used to determine the crystallographic orientation from intensity measurements is affected when high stresses occur. Therefore, we measure the grain orientation at a position that is not affected too much by the stress field around the tip of the microcrack. In Fig. 3 this position is marked with a white cross. The white rectangle indicates the area close to the crack tip that was stress mapped. Figure 4 shows the intensity variations with the polarization direction of the incident light beam, measured at the location marked with the white cross in Fig. 3 . The two curves belong to the x-and the y-analyzer position, respectively. The mean values of the two intensity curves differ, as the optical grating influences the intensities of the x-and y-scattered light in a different way ͓correction factor m, see Eq. ͑15͔͒. As we already discussed, this has no implications on the determination of the crystallographic orientations. FIG. 3 . Micrograph of the surface of a silicon grain containing a microcrack. The grain orientation will be determined at the position that is marked with a cross. We assume that this position will not be affected too much by the stress field around the tip of the microcrack. The 40ϫ 40 measuring points were used for the stress mappings.
The stress state at the tip of a microcrack
The error bars account for the ϳ3%-intensity variations of the incident laser light. The dashed curves in Fig. 4 represent the best fit functions Fit x and Fit y . From these two fit functions, we obtain the following three Euler-angles: . Figure 5 shows the six simulated ratio functions Q j X ͑͒ and Q j Y ͑͒ for the above determined rotation matrix and the 50ϫ objective lens.
The simulations of the six ratio functions Q j X ͑͒ and Q j Y ͑͒, shown in Fig. 5 , for the orientation of the silicon grain containing the microcrack, suggest that we use the following three polarization settings, as given by the polarization direction of the incident laser light and the analyzer position, for the separate measurements of the three frequency shifts ⌬ 1 , ⌬ 2 , and ⌬ 3 :
The area labeled with the rectangle in Fig. 3 was mapped with the three polarization settings for ⌬ j using 40ϫ 40 measuring points, respectively. The peaks of the first-order silicon Raman band and the peaks of the reference plasma line were fitted with a Gaussian/Lorentzian fit function. The three mappings of the three corresponding frequency shifts ⌬ 1 , ⌬ 2 , and ⌬ 3 are shown in Figs. 6͑a͒-6͑c͒ . We correlate each of the three frequency shifts, that are used to locally determine the components of the stress tensors close to the crack tip, to a reference point ͑upper left corner in the mappings, as indicated in Fig. 6 by an arrow͒. This procedure will eliminate peak shifts due to optical artifacts, i.e., the calculated stress tensors refer to the stress state at the labeled reference point. This is possible due to the fact that the solutions of Eqs. ͑13͒ linearly depend on the frequency shifts 
imposed long range stress field, which may also be present in the grains, is eliminated this way. Following this procedure we can now determine the difference stress tensor ⌬ ͑re-ferring to the reference coordinate system shown in ͑for simplicity we write here ⌬ j for the positional differences
At first, we try to solve Eqs. ͑13͒ with the above given frequency shift differences ⌬ j by setting ⌬ z =0.
The best numerical solution of Eq. ͑13͒ then yields a difference stress tensor of However, the numerical procedure to solve the equation system ͑13͒ yields a solution with a large norm of the residual vector for our three frequency shifts. Reconstruction of the characteristic polynomial ͑12͒ from the above given stress components yields the following reconstructed values:
i.e., the deviations of the first and third reconstructed root from the measured frequency shift differences are larger than the peak shift resolution of ±0.05 cm −1 . We therefore increase the value of ⌬ z in Eqs. ͑13͒ to account for the residual stress components in the z direction, which also influence the frequency shifts. We then finally obtain a difference stress tensor of ⌬ = 57 ± 12 − 7 ± 3 0 − 7 ± 3 54 ± 11 0
The given errors account for the limited peak shift resolution of ±0.05 cm −1 and the uncertainty of the measurement of the crystal orientation. The reconstructed values using the above given stress components now deviate less then ±0.05 cm −1 from the measured frequency shifts.
The obtained stress tensor is quite reasonable: As expected from theory, 21 the stress state around the crack tip is tensile and the stress components lie within the anticipated range. Regarding the position of the crack ͑the crack comprises an angle of Ϸ45°with the axes of the reference coordinate system͒ and the approximately symmetric stress field around the crack tip, it is plausible, that ⌬ xx Ϸ ⌬ yy ..
Stress fields at grain boundaries
Inhomogeneous stress distributions can often be found close to grain boundaries in polycrystalline silicon wafers. The local stress gradients are produced by the inhomogeneous temperature gradients within the ingot during the cooling process. The stress fields close to grain boundaries are critical in terms of the mechanical stability of the wafer, as they can act as sources for crack formation if additional external stress is applied. With -Raman spectroscopy we are able to detect such stress fields and determine stress-tensor gradients on a length scale of a few microns, as exemplified with Fig. 7 . The determination of the stress components follows the procedure described above. In many cases, the stress gradients close to grain boundaries are accompanied by fan-shaped dislocation clusters, which seem to emanate from the grain boundaries. The light optical micrograph in Fig. 7 shows an example of these features. The dislocation clusters might form during the solidification process to relieve stresses. Therefore, the stress fields we measure with FIG. 7 . ͑Color͒ Light optical micrograph ͑left͒ of a surface of a polycrystalline silicon wafer for photovoltaic applications. The micrograph shows a grain boundary which separates a region of twin lamellas from an arbitrarily oriented grain. Close to the grain boundary fan-shaped dislocation clusters are found. A mapping ͑right͒ of the Raman frequency shifts reveals a stress field close to the grain boundary which seems to correlate with the dislocation clusters. A detailed analysis of the Raman frequency shifts, taking into account the crystal orientation, yields the following difference stress tensor referring to the reference coordinate system ͑white arrow; red color depicts relative compressive stresses͒: MPa.
-Raman spectroscopy are the remaining stress fields that could not be reduced by dislocation formation. A detailed investigation of the stress fields close to these dislocation clusters will be presented in a forthcoming article.
IV. CONCLUSIVE DISCUSSION
This paper provides a Raman spectroscopy based analytic procedure to study stress/strain distributions in polycrystalline silicon solar cell materials. Since stress measurements depend on orientation, a combined orientation and stress analysis by Raman spectroscopy is needed. This article provides it for the first time. This surely has implications on a wider use of this technique which is nondestructive, relatively fast, and reliable without the need for special sample preparation.
In what is needed is a Raman spectroscopy setup, equipped with a polarizer and analyzer. The wavelength used determines the information depth and the probed volume. Based on our stress measurements we can state the following:
1. Stresses close to the theoretical strength of bulk silicon are locally assumed at structures like grain boundary triple points, points of origin of dislocation clusters, silicon/metal interfaces, etc., and close to microcracks. This is truly a problem in view of the targeted decrease of wafer thickness in photovoltaics. 2. Stresses are inhomogeneously distributed with maximum values of the order of ϳ500 MPa. 3. The sensitivity of the method is ϳ15 MPa. The lateral resolution is of the order of 1 m. Enhancement of lateral resolution may be possible by tip enhanced Raman spectroscopy (TERS͒.
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APPENDIX
The crystallographic grain orientation is based on the explicit expressions for the functions f ij ͑␣ , ␤ , ␥͒ in Eq. ͑16͒. For the rotation matrix, we write 
